Dependence of the Forward-Backward (FB) charged-particle multiplicity correlations on position and width of separate rapidity windows is investigated in proton-proton (non-single diffractive) collisions at √ s=0.9, 2.76 and 7 TeV with ALICE at the LHC. Two pseudorapidity intervals (the "forward"and the "backward" windows) of the variable width from 0.2 to 0.8 rapidity units were chosen. Strong and non-trivial dependence of the multiplicity correlation coefficient, obtained for the normalized observables, on the width of the pseudorapidity windows is reported. In addition, we observe an increase of the multiplicity correlation strength with the collision energy. Results are discussed and compared to PYTHIA simulations.
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Grigory Feofilov range backward-forward multiplicity correlations extended to several units of pseudorapidity, was demonstrated for the MC event generator PYTHIA [17] . These correlations were analyzed in comparison to experimental data [15] obtained in pp collisions at 0.3-1.8 TeV collision energies, and the increased role of the color reconnection processes included in PYTHIA was discussed. In addition, the multiple parton interactions (MPI), considered by PYTHIA, might be also responsible for the fluctuation in the number of color strings, and, therefore, could be one of the potential contributors to the LRC [4] . In all approaches shown above the LRC are produced by the fluctuating number of particle emitting sources (strings), formed in the collision, although the dynamical origin of the sources might be different. Therefore, the detailed experimental studies of the correlation strength and its rapidity structure are crucial for understanding of the physics of the hadron collision process in general.
We are investigating in the present work the backward-forward correlations of charged particles yields (the multiplicity correlations) in pp collisions at the LHC.
The paper is organized as follows. We start from the definition of the forward-backward correlation strength. We describe the procedures of the event and track selection, the efficiency corrections and systematic error estimates and cross-checks. Then we present our experimental results on multiplicity backward-forward correlation measurements done by ALICE in pp collisions at the LHC at √ s =0.9, 2.76 and 7 TeV. Scanning in the width and position of the backward and forward windows provides the possibility of detailed study of the rapidity dependence of the correlation strength. Finally, the results are compared to PYTHIA MC event generator calculations and discussed.
Correlation strength
Two separate pseudorapidity intervals or "windows" (with variable width from 0.2 to 0.8 rapidity units) are defined as "forward"(δ η F ) and "backward"(δ η B ). In the analysis these windows and marked by indices B and F (these indices could be skipped for simplicity in some cases below).
Correlations between the values of multiplicity of charged particles (n) in the given event, measured in the given selected and separated pseudorapidity δ η windows, are investigated as a function of distance (or gap) between the windows. These pseudorapidity windows are symmetrically chosen in the ALICE TPC η region (-0.8, 0.8). We also study and report here the dependence of the correlation strength on the value of the acceptance δ η of the windows. We have to note here that the additional studies by ALICE of the backward-forward multiplicity correlations for the separated azimuthal (δ ϕ ) sectors are also in progress in a similar way in line with [1] .
In order to describe these correlations numerically usually the average value ⟨B⟩ F of one dynamical variable B in the backward rapidity window δ η B as a function of another dynamical variable F in the forward rapidity window δ η F is used.
Here ⟨...⟩ F denotes averaging over the events at a fixed value of the variable F in the forward rapidity window. The ⟨...⟩ denotes further below averaging over all events. So we introduce the correlation function
PoS(Baldin ISHEPP XXI)075
Multiplicity correlations in pp collisions at 0. 9, 2.76 and 7 TeV Grigory Feofilov In principle one can study three main types of long-range correlations in line with the ALICE programme [1] : n-n -the correlation between values of multiplicities of charged particles in these two rapidity intervals, p t -p t -the correlation between values of the event mean transverse momenta in these intervals, and p t -n -the correlation between the values of mean transverse momenta in one rapidity interval and the multiplicity of charged particles in another interval. The present paper starts this program from the investigations of the correlation between multiplicities.
Forward-backward correlations have been characterized by the correlation strength, b cor -the slope extracted from a measured -usually linear -relationship between the average multiplicity in some pseudorapidity interval in the backward hemisphere (< n B >) and the multiplicity in the forward pseudorapidity window, n F [37] :
The linear relation of Eq.2.2 has been observed experimentally [38] , [37] and has also been discussed by Fowler et al. [39] .
The alternative definition of the correlation coefficient is possible through the direct calculation of the corresponding correlator [41] :
It can be shown that both definitions are equal in case of linear correlation function. The correlation strength b cor can be positive or negative with a range of |b cor | < 1 (in case of equal rapidity intervals). This maximum (minimum) represents total correlation (anti-correlation) of the produced particles separated in rapidity. The b cor = 0 corresponds to entirely uncorrelated particle production.
As it was mentioned above, one of the main features of the results obtained earlier for n-n correlation is the linear dependence observed in the majority of cases for the correlation function. So, a linear parametrization Eq. 2.2 could be applied. It allows us to extract -by fitting -the coefficient b cor , the strength of the multiplicity correlation in the given data sample. This correlation coefficient b cor is a measure of the response of ⟨B⟩ F on the variations of the variable F in the vicinity of its average value ⟨F⟩.
To decrease the influence of some experimental factors like efficiency of registration and etc. and eliminate trivial dependence of the correlation coefficient on the width of the windows -in the case of nonequal forward and backward windows -it is useful to go to the relative (normalized) variables , i.e. to measure a deviation of F from its average value ⟨F⟩ in units of ⟨F⟩, and the same for B. So we use in our analysis also the "relative" or "normalized" coefficient b rel cor for correlation between multiplicities n B and n F in backward and forward rapidity windows:
The n B , n F are the multiplicities of the charged particles, produced in the given event correspondingly in the backward (δ η B ) and forward (δ η F ) rapidity windows.
Multiplicity correlations in pp collisions at 0. 9, 2.76 and 7 TeV Grigory Feofilov It is clear that this "relative" coefficient is simply connected with "absolute" correlation coefficients defined above:
and coincides with it in the case of symmetric windows. The alternative approach of Eq.2.3 is also applied in our case of minimum bias pp collisions data for the calculation of the multiplicity correlation coefficient. This allows us to crosscheck the results and to estimate a possible contribution to the systematic errors.
Experimental Setup
Studies of the multiplicity correlation coefficients were done at three values of pp collision energies using the event-by-event charged-particle tracking data measured by the Inner Tracking System (ITS) and the Time Projection Chamber (TPC). Both detectors are located in the 0.5 T magnetic field.Charged particle tracks were measured within the pseudorapidity range |η| < 0.8. A detailed general description of the ALICE experiment at the LHC can be found in [44] .
The ITS is composed of 3 different types of coordinate-sensitive Si-detectors and consists of 2 silicon pixel innermost layers, 2 silicon drift and 2 silicon strip outer detector layers. This design provides registration of high multiplicity events (with up to 100 charged particles per cm 2 ). All ITS elements were carefully optimized to minimize their radiation length, achieving 1.1% Xo per layer -that is the lowest value among all the current LHC experiments. It provides a reliable charged particles tracking starting from 0.1GeV /c. Silicon drift and silicon strip detector layers have analogue readout and therefore can be used for particle identification via dE/dx measurement in the non-relativistic region.
The ALICE TPC is the main tracking detector of the central rapidity region. It was designed to provide, together with the ITS and ALICE TRD and TOF, charged particle momentum measurement, particle identification and vertex determination with sufficient momentum resolution, two track separation and dE/dx resolution for studies of hadronic and leptonic signals in the region of p t below 10 GeV /c. Good hadron identification by ALICE over a very broad momentum range, in particular in "soft" physics domain of 0.13 GeV /c, is one of the most unique features of ALICE and a very strong point in its competitiveness with respect to the other two large LHC experiments.
Data analysis
The proton-proton collision data used in this analysis were collected by the ALICE experiment in 2010 and 2011. The data samples include 2 mln events for √ s=0.9, 10 mln for √ s=2.76 and 6.5 mln for √ s=7 TeV energy. The minimum bias trigger was used that required the crossing of two filled bunches and a signal in at least one of the two SPD pixel detector layers or in one of the additional multiplicity counters. The Event Selection was performed using the usual ALICE requirements of the vertex reconstruction and definite position.
For track selection some ALICE usual quality conditions were used that are defining acceptable track candidates. Besides this usual set, many other cut variations were also applied in selection criteria during the analysis of possible systematic effects in multiplicity measurements (see below).
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Experimental determination of the FB correlation coefficient (two methods)
After been defined, charged particle tracks were required to belong to the selected pseudorapidity "forward" or "backward" windows δ η F and δ η B .
Besides, the values of the p t of the track (i.e. of the transverse momentum of the particles in these rapidity intervals) were also required to be within the selected physics region of particle transverse momenta ∆p F and ∆p B :
The present work is focused on the search of the backward-forward correlation phenomenon in the production of "soft" hadrons with p t below 1.5 GeV /c. Therefore we select in this study the tracks with p t within the region of 0.3 GeV /c < p t < 1.5 GeV /c. This interval is also taken to ensure the efficiency plateau in p t for charged particle tracks registration in order to avoid the event-by-event corrections and to minimize the systematic errors at this stage of investigations. We have to note here that the p t -dependent efficiency corrections, relevant to the detector performance, are difficult to apply to the event-by-event data(contrary to the studies of the global observables). This is because the origin of correlation is not known and, in case if the model correction is large, a strong bias of the experimental result will be inevitable.
Determination of the multiplicity forward-backward correlation coefficients was cross-checked by two methods: (i) using the linear fitting in relative variables (Eq.2.4) and (ii) using the alternative definition through the direct calculation of the corresponding correlator Eq. 2.3.
In the 1st method, the (n B ,n F ) 2D distributions were accumulated event-by-event after the event and track selection using data in the given forward(backward) rapidity intervals. At the
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Grigory Feofilov next step these raw data of 2D distributions were used for the determination of the average values of variables in the backward at the fixed values of some variable in the forward window. Then the relative (normalized) values were introduced (Eq.2.4) and the correlation coefficient b rel cor was defined by fitting the experimental correlation function. In the 2nd method the values of ⟨n B n F ⟩, ⟨n B ⟩, ⟨n F ⟩, ⟨n 2 F ⟩ and ⟨n F ⟩ 2 were accumulated event-by-event and then the correlation coefficient was defined as indicated in Eq.2.3.
We have to mention that the definition Eq.2.3 does not enable to establish and to control the deviation (if it exists) of the correlation function (2.1) from the linearity. However, these deviations were found at this stage of investigations of small statistical significance to influence the correlation coefficient value. The last statement is confirmed by a good agreement of these two methods applied, comparison of which is presented in the Fig.1. 
Corrections and systematic error estimates (three procedures)
Corrections to the measured multiplicity correlation coefficients were calculated by three independent procedures and results were compared. Some small discrepancies were included as a possible additional contribution to the final systematic error estimate.
The 1st procedure applied two types of the MC based (PYTHIA) calculations of b rel cor : with and without the experimental setup influence, producing so-called "measured" and "true" values of the correlation coefficients. The first case involved PYTHIA and the detailed GEANT model simulations of the ALICE installation where all factors that might influence the efficiency of track registration are taken into account. Thus the correction factors to the multiplicity correlation coefficients were defined (to each experimental point) as the relevant ratio of PYTHIA "true" and
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Grigory Feofilov The 2nd procedure was based on the direct correction of the inefficiencies in the measurements of values of multiplicity: ⟨n B n F ⟩, ⟨n B ⟩, ⟨n F ⟩, ⟨n 2 F ⟩ and ⟨n F ⟩ 2 . Efficiency factor was defined in each case as : "measured"/ "true" ratio. PYTHIA simulations -tuned to describe the mean multiplicity yields -were used to correct the multiplicities, then the corrected numbers were used in the corresponding correlator Eq. 2.3.
And the 3rd procedure took into account the influence of the various event and track selection parameters on the multiplicities. This influence was studied by the variations of selection criteria and comparison of b rel cor to the value relevant to the standard ALICE sets of cuts. This procedure was also applied to correct each experimental data point. For each set of selection criteria the correlation coefficients with the relevant errors were determined for every windows pair in a way as it was described. It was obtained that these normalized multiplicity-multiplicity correlation coefficients are grouping along some narrow region and show some practically linear dependence on the corresponding "accumulated mean multiplicity" n F in the forward window (see Fig. 3 ). Thus, this procedure brings a possibility to extrapolate the value b cor to the relevant "corrected" value < n F >. It is also possible to obtained both the corrected value of b cor and the relevant corrected true multiplicity value. The example of the correction procedure applied for each point of the "accumulated mean multiplicity" value, and for each set of selection criteria mentioned,
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Multiplicity correlations in pp collisions at 0.9, 2.76 and 7 TeV Grigory Feofilov is shown in Fig. 3 . The relevant spread of values of b cor brings the major contribution to the systematic errors to the given point. Various sources of systematic errors in multiplicity correlation strength measurements were studied. They including track selection criteria, methods of calculations, correction procedures, vertex determination errors, possible pile-up contribution. The final estimate gives the following upper limits of the total systematic errors of 5%, 4% and 3% at 0.9, 2.76 and 7 TeV collision energies.
Experimental results and discussion
In Fig.4 we show the final results for the coefficients of long-range n-n correlations vs. the η gap value, obtained in the analysis of pp collisions at 0.9, 2.76 and 7 TeV for the normalized observables.
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Multiplicity correlations in pp collisions at 0.9, 2.76 and 7 TeV Grigory Feofilov First of all, we see noticeable multiplicity correlations in all cases. The forward-backward multiplicity correlation strength is decreasing slowly with the growing η gap between the windows. At the largest η gap value, reached in this study (η gap=1.2), these correlations are losing only about 10 % of strength. The PYTHIA(Perugia0) results are found to be in a qualitative agreement with the existence of non-negligible multiplicity correlations in the whole pseudorapidity region of studies (some examples of PYTHIA(Perugia0) calculations of η gap dependence, done for 3 LHC energies, are shown in Fig.5) .
Secondly, it is necessary to note that b rel cor , the strength of these correlations in normalized observables, is increasing -in a non-linear way -with δ η -the width of the observation "forward" window). Summary of data for b rel cor vs. the different widths δ η of the observation windows are also shown separately in Fig. 6 . One may see a tendency for saturation with the width of the "forward" window. PYTHIA is also showing the same non-linear behavior of the correlation strength vs. the width of the forward pseudorapidity window, presented in Fig.6 . We have to note here that the multiplicity correlation strength (obtained in normalized observables) depends in such way only on the width of the forward pseudorapidity window, and it is practically constant with the variation of the width of the backward one.
We see that the correlation strength from PYTHIA(Perugia0) are in qualitative agreement with the available experimental data ( PYTHIA is working reasonably well in case of data of Fig.2 and 6 description). However PYTHIA(Perugia0) fails to describe the ratio of correlation strength b at 7 TeV and 2.76 TeV wrt 0.9 TeV vs. η gap , see Fig.7 . The last one shows the wrong energy dependence produced by PYTHIA. Recently the available data on forward-backward correlation strength as a function of pseudorapidity intervals were reviewed and compared to PYTHIA and PHOJET model calculations [45] . It was obtained that PYTHIA is in a general better agreement with the data than PHOJET. However our new experimental data on multiplicity correlation strength, obtained at the LHC energies, are imposing new constraints on the theoretical descriptions.
Finally, one has to stress the fact that the general growth of the multiplicity correlation coefficient b cor is observed in our study with the increase of pp collision energy from 0.9 to 7 TeV.
Multiplicity correlations in pp collisions at 0.9, 2.76 and 7 TeV Grigory Feofilov It is remarkable to note that this growth of b cor practically does not affect the slopes of b cor weak dependencies on the η gap (see Fig.4 ). One may conclude that the short-range correlations contribution has a very weak dependence on the collision energy, while the long range multiplicity correlations plays a dominant role in pp collisions and its strength significantly increases with the collision energy growth from 900 GeV to 7 TeV. One may see that the observed relative decrease of the b cor with the η gap (see in Fig.4 ) is practically not changing with the collision energy. PYTHIA results are confirming the general trend compatible with the LRC phenomena for the pp collisions. All these facts are pointing to the limited role of short range correlations here and are stressing the importance of variable pseudorapidity intervals in detailed studies of short-and long-range correlation effects. More of the experimental evidence will be provided by the ongoing studies by ALICE of the topology of long-range correlations for various observables measured in separated pseudorapidity (δ ϕ 0 and azimuthal (δ η) intervals.
Conclusion
The forward-backward multiplicity correlations are experimentally studied in pp collisions at 0.9 TeV, 2.76 and 7 TeV with the η gap between pseudorapidity windows extended up to 1.2 units. Strong non-linear dependence on the width of the pseudorapidity windows is demonstrated by the forward-backward multiplicity correlation strength for the normalized observables.
The general growth of the Forward-Backward multiplicity correlations strength with energy is obtained in pp collisions study in ALICE at 0.9, 2.76 and 7 TeV for all widths of pseudorapidity forward windows. At the same time the experimental data show stable behavior (practically the same quantitative decrease) of the correlation coefficient with the growth of the pseudorapidity gap between forward and backward windows at all three collision energies. One may conclude that short-range correlations contribution has a very weak dependence on the collision energy, while
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Multiplicity correlations in pp collisions at 0.9, 2.76 and 7 TeV Grigory Feofilov the long range multiplicity correlation plays a dominant role in pp collisions at the LHC and its strength significantly increases with the collision energy growth from 900 GeV to 7 TeV. The first comparison with the PYTHIA Perugia-0 calculations on the dependence of the correlation strength on the collision energy, the width and the position of pseudorapidity windows show that the experimental data of the present study impose new constraints on the theoretical models.
